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ABSTRACT
Marine protected areas (MPAs) are areas aimed at protecting natural and
cultural resources that are often proposed as a way to alleviate the effects of
overfishing on populations of targeted species; these areas have varying degrees
of fishing and recreational use restrictions. In order to assess MPA efficacy, it is
important to determine the mechanisms by which the presence of MPAs affect
reproductive output within and potentially even beyond their boundaries. I
attempted to address this through studying the responses of rockfish (Sebastes
spp.) larval abundances to the presence of the Cowcod Conservation Areas
(CCAs) located within the Southern California Bight region. Rockfish larvae
were collected from mesozooplankton samples obtained during winter survey
cruises by the California Cooperative Oceanic Fisheries Investigations (CalCOFI)
program and identified by sequencing the cytochrome b gene. I constructed timeseries of rockfish larval abundances within the Southern California Bight from
1998 to 2013.
I found that, not only have delta mean larval abundances of multiple rockfish
species increased throughout the period, three historically-targeted species’ delta
mean larval abundances—Bank Rockfish (S. rufus), Speckled Rockfish (S.
ovalis), and Olive Rockfish (S. serranoides)—increased at a greater rate within
the CCAs compared to locations with similar environmental parameters outside of
the CCAs. This is the first decadal-scale study that explicitly demonstrates an
increase in reproductive output from an MPA in the form of increased larval
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abundances, thus contributing crucial information to the understanding of MPA
efficacy.
Additionally, the dataset created during this study will become the basis for
several future studies that will further elucidate the spatiotemporal dynamics of
rockfish larvae within CCAs and in the Southern California Bight region as a
whole. These studies will further contribute to understanding the efficacy of the
CCAs in their facilitation of rockfish species recovery, as well as provide
important information for rockfish fisheries management in the region.
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CHAPTER 1: INTRODUCTION
1.1 The Global State of Fisheries
It is now clear that overfishing has adversely impacted fish populations and
ecosystems worldwide. Jackson et al. (2001) found that historical overfishing on
a global scale led to ecological extinction of many targeted species and
consequent changes in ecological communities, especially in coastal ecosystems.
Myers and Worm (2003) showed that coastal region community biomass in 4
continental shelf and 9 oceanic systems was reduced by approximately 80% after
15 years of industrialized fishing, and they estimated that large predatory fish
biomass was 10% of pre-industrial levels. In more recent studies, Pitcher and
Cheung (2013) found that serious depletions and declining catch-per-unit-effort
(CPUE) continue to be a recurring problem in fisheries worldwide, and
Christensen et al. (2014) estimated that predatory fish biomass declined globally
by 2/3 from 1880 to 2007. Furthermore, Christensen et al. (2014) found that the
rate of decline still appears to be accelerating.
One example of an ecological impact of overfishing is the triggering of
“trophic cascades,” in which removal of an important species from a community,
such as a large apex predator, has indirect far reaching repercussions for multiple
trophic levels in the food web of that community (Andersen and Pedersen 2009).
The Black Sea and Nova Scotian shelf are examples of ecosystems that have
undergone such ecological regime shifts due to overfishing. The Black Sea has
experienced a depletion in number of marine predator species and a concurrent
increase in numbers of an alien comb jelly species, Mnemiopsis leidyi (Daskalov
3

et al. 2007). The Nova Scotian shelf system was formerly dominated by Atlantic
Cod, Gaddus morhua, with intense fishing pressure altering the system from one
dominated by predators to a system dominated by forage species (Frank et al.
2005).
Another fishing practice with extensive ecological repercussions is “fishing
down the food web,” in which a fishery, upon effectively depleting a large apex
predator (i.e. high trophic level species), subsequently targets the next largest
species (i.e. likely a similar or next trophic level species), further altering
ecological communities (Pauly et al. 1998). In what can be called tragic irony,
the practice of fishing down the food web has the potential of masking or relaxing
the effects of trophic cascades because it can involve targeting species of multiple
trophic levels within the food web (Andersen and Pedersen 2009, Mumby et al.
2012). Christensen et al. (2014) showed evidence of this practice occurring on a
global scale, as biomass of low trophic level prey fish species increased as
biomass of high trophic level predatory fish declined. It therefore continues to be
urgent and imperative for fisheries science and management to address and
preempt the issues caused by widespread overfishing.

1.2 Marine Protected Areas
One possible method to alleviate the effects of overfishing is the
establishment of marine protected areas (MPAs). Federal executive order #13158
defines a U.S. marine protected area as “any area of the marine environment that
has been reserved by Federal, State, territorial, tribal, or local laws or regulations
4

to provide lasting protection for part or all of the natural and cultural resources
therein.” The National Oceanic and Atmospheric Administration’s (NOAA)
MPA Center further describes MPAs based on five objective characteristics
(Wenzel and D’lorio 2011):

1.

conservation focus (e.g., natural or cultural heritage, or resource
sustainability)

2.

level of protection (e.g., activities allowed, no-take, no-access)

3.

permanence of protection (e.g., permanent, conditional, or temporary)

4.

constancy of protection (e.g., year-round, seasonal, or rotating)

5.

scale of protection (e.g., ecosystem or focused)

The biological and ecological benefits of marine protected areas have been
extensively documented. In a meta-analysis encompassing 149 studies of 124
different no-take marine reserves around the world, higher biomasses, greater
densities, higher species richness, and larger organism sizes were noted within
reserves relative to nearby unprotected areas; these effects were observed
regardless of reserve location, displaced fishing effort, latitude, or reserve size
(Lester et al. 2009). Though it appears that beneficial impacts of marine protected
areas on biomasses and densities are more pronounced for no-take marine
reserves, even partial protection of an area has been found to be sufficient to
result in higher biomasses and greater densities (Sciberras et al. 2013).
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In addition to benefitting organisms within the reserves themselves, marine
protected areas can also benefit adjacent areas through the “spillover” effect, in
which productivity and flourishing within a reserve causes adults to “spill over”
into adjacent areas. This spillover of adults then benefits adjacent fisheries,
especially those that practice “fishing the line,” in which fishing vessels straddle
the boundary of an MPA; fishing the line is capable of impacting spatial patterns
of CPUE and density within and outside of a marine reserve, and even enhance
total population size and catch for overexploited species under a limited set of
conditions (Kellner et al. 2007). In a meta-analysis of studies until 2009 that
contained empirical spillover data, it was found that at small scales (up to 800 m
from reserve boundaries) a majority of the fisheries (12 of 14) likely depend upon
the adjacent reserves for sustainability, and that in the other two cases spillover
from the reserves partially or fully made up for decreases in catch from reserve
closure (Halpern et al. 2009). Another meta-analysis found a gradual annual
increase in CPUE from seven MPAs in Southern Europe, albeit on an extended
time frame (at least 30 years) (Vandeperre et al. 2011).
Despite the widely-documented benefits of MPAs, there are still crucial
information gaps in terms of the design of MPA studies. In their wide metaanalysis of 149 studies, Lester et al. (2009) found that studies that compared data
from before an MPA’s establishment to after its establishment were somewhat
rare (some recent exceptions to this are Alemany et al.’s (2013) study on the MPA
Southwest Atlantic Patagonian Shelf and Rife et al.’s (2013) study on the Loreto
Bay National Park MPA in the Gulf of California). Another meta-analysis of 164
6

studies of no-take marine reserves found that many studies did not adequately
take habitat effects into account (Miller and Russ 2014).
Furthermore, few studies to date have explicitly assessed quantitative impacts
of MPAs on reproductive output through time, particularly in terms of effects on
numbers of fish larvae (but see Valles et al. 2001 and López-Sanz et al. 2009).
There have been a few studies on eggs and larvae of conch species (Stoner and
Ray 1997, Manriquez and Castilla 2001); other studies that showed reserve
benefits for reproductive output were based on proxies such as adult organism
size, fecundity, and biomass (Willis et al. 2003, Beukers-Stewart et al. 2005, Diaz
et al. 2011). Enhancement of reproductive output is an important function of
MPAs, as it holds implications for exporting larvae to adjacent areas (e.g. larval
spillover) and thus amplifying production on a regional scale (Pelc et al. 2009).

1.3 Rockfish Biology
Rockfishes (Sebastes spp.) are a speciose group of demersal fishes found
mostly along the west coast of North America (Hyde and Vetter 2007). Whereas
some species are relatively small (< 20 cm), short-lived (< 10 years) and provide
an important forage base for predatory fishes and marine mammals, others grow
to large sizes (> 90 cm), live for many decades, and are apex predators (Love et
al. 2002); individuals of some of these larger species, such as Rougheye Rockfish
(S. aleutianus), have been estimated at ages up to 205 years (Love et al. 2002).
Rockfishes are viviparous (Boehlert and Yoklavich 1984), giving live birth to
preflexion planktonic larvae (Love et al. 2002). Despite their viviparity,
7

rockfishes appear to have fecundities comparable in magnitude to similarly-sized
oviparous fishes, such as snappers (Lutjanidae) and cods (Gadidae) (Haldorson
and Love 1991). Many rockfish species do not reach sexual maturity until they
are four to five years old (Lea et al. 1999), and, consistent with the “big old fat
fecund female fish” hypothesis (Longhurst 2002), there are significant
correlations between adult female rockfish size and fecundity, larval survival, and
ultimately recruitment (Haldorson and Love 1991, Berkeley et al. 2004, Sogard et
al. 2008). In the Southern California Bight (SCB), rockfish parturition seasons
for individual species range from two to ten months, with overall peak parturition
activity during early winter (January-February) for most species (Love et al. 1990,
Moser et al. 2001).
Rockfish larvae range from 3-7 mm in length upon release from the mother,
and undergo a developmental transition around 8 to 25 days, depending on the
species, known as “flexion.” During flexion, the posterior end of the notochord
turns upward and fins begin to differentiate; larvae range from 6-12 mm by the
time they reach flexion (Love et al. 2002). Rockfish larvae are usually found over
the continental shelf and slope at depths of less than 80 m, typically within the
upper mixed layer and the thermocline (Love et al. 2002), though Hitchman et
al.’s (2012) more recent work found that the negative relationship of S.
paucispinis larvae with depth is significant only for recently hatched larvae with
older preflexion and postflexion larvae having no significant relationship to depth.

8

1.4 The Rockfish Fishery in the Southern California Bight (SCB)
Many rockfish species have been targeted by recreational and commercial
fisheries, which has led to severe population declines. Commercial and
recreational fishing of Sebastes spp. along the Pacific coast began in the late
nineteenth century, but exploitation was significantly accelerated by sociological
factors and technological advances in the twentieth century [e.g. use of balloon
trawls, roller gear, loran plotters, and midwater trawls, greater understanding of
productive rockfish habitats, and an influx of immigrants that contributed to the
fishing effort (Love et al. 2002)]. A survey of commercial passenger fishing
vessels in the SCB region from 1980 to 1996 revealed drastic declines in CPUE
and mean total length of multiple rockfish species, such as Bocaccio (S.
paucispinis), and the Blue (S. mystinus), Olive (S. serranoides), Chilipepper (S.
goodei), Swordspine (S. ensifer), Yellowtail (S. flavidus), and Vermilion (S.
miniatus) rockfishes (Love et al. 1998). Moser et al. (2000) also observed
declines in larval abundances and adult biomasses of S. paucispinis and S. levis in
fishery-independent surveys from 1977-1998. Moser et al. (2000) suggested
environmental conditions (i.e., a shift to a warm climate regime at that time) and
fishery exploitation as possible explanatory factors for the declines; however, a
later study determined that the regime shift did not significantly impact S.
paucispinis productivity, supporting the idea that the declines were more likely
due to fishery exploitation (Tolimieri and Levin 2005). In their assessment of
several nearshore rockfish species spanning from 1979 to 1985, Lea et al. (1999)
found that juveniles often comprised a large percentage of the sport take.
9

Taken all together, these observations indicate that the rockfish fishery had
depleted older, larger, and more fecund adults and is very likely removing
juveniles from the populations as well, thereby impacting population sizes and
age structures of targeted rockfishes. For example, a study on fishing effort of
commercial passenger fishing vessels showed that catches in the 1980s were
mostly made up of large species such as S. paucispinis and S. levis while the
smaller S. hopkinsi was the most frequently caught species in 1996 (Love et al.
1998). Fishery-independent surveys of larval rockfishes in the SCB region in
1999 (Taylor et al. 2004) and 2005 (Thompson et al. 2016) were also dominated
by larvae from smaller, non-targeted species (i.e., Swordspine, S. ensifer, and
Shortbelly, S. jordani) in addition to S. hopkinsi. Hsieh et al. (2005) found that
larval abundances of S. paucispinis declined relative to S. jordani between 1951
and 2002.
Rockfishes are also vulnerable to fishing because of their high capture-related
mortality due to barotrauma, in which rapid gas expansion in the swim bladder
causes the fish’s stomach to bulge out of its mouth and prevents them from
submerging (O’Connell and Carlile 1994, Butler et al. 2003). This high surface
mortality could result in relatively high bycatch in local fisheries that do not target
rockfishes, such as the flatfish fishery on the western U.S. coast (King et al. 2004,
Hannah et al. 2005) and the spot prawn fishery in British Columbia (Favaro et al.
2010, 2013). Recent research, however, shows that rockfish can survive
barotrauma if they are slowly lowered to depth (Chen 2012).
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Rockfishes may not be the only group affected by the rockfish fishery, as
fishing of rockfish species could also have negative ecological repercussions via
triggering of trophic cascades. A meta-analysis of various ecosystems found
marine benthic ecosystems to be particularly sensitive to trophic cascades (Shurin
et al. 2002). It has also been suggested that declines in abundances of large
predatory groundfishes may have resulted in a trophic cascade off of Nova Scotia
(Frank et al. 2005, 2011). In his study of Sebastes spp. off the coast of British
Columbia, Cloutier (2011) did not observe evidence of a trophic cascade;
however, Cloutier proposed several explanations for why a cascade was not
observed, such as rockfish populations being below critical abundance and/or size
thresholds to trigger a cascade, or not enough time elapsing between rockfish
population recovery and initiation of a cascade.

1.5 Southern California Bight Oceanography
In addition to being subject to fishing pressure, rockfish species in the SCB
are also affected by the region’s dynamic oceanographic conditions. There are
four primary water masses that comprise the California Current System, each with
their own unique characteristics in terms of temperature, salinity, oxygen content,
and nutrient concentrations (McClatchie 2014):

1) the cool, fresh, oxygen-rich, and nutrient-rich Pacific Subarctic mass,
which is transported southward by the California Current (CC);
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2) the warm, saline Equatorial Pacific mass, which is transported northward
at depths between 200 and 500 m by the California Undercurrent;
3) the warm, saline, oxygen-poor, and nutrient-poor North Pacific Central
mass, originating from the North Pacific Gyre;
4) the cool, saline, oxygen-poor, and nutrient-rich Coastal Upwelled mass,
originating from wind-driven upwelling of deeper waters near the coast.

The convergence in the SCB of these water masses, as well as the processes
that transport these masses, have important implications for rockfish productivity,
distribution, retention, and early life history dynamics.
Convergence of the water masses in the SCB results in frontal features—
interfaces between two water masses with distinctly different physical
characteristics—such as the semi-permanent frontal region between the Santa
Rosa and Santa Cruz ridges (McClatchie 2014). Fronts have been shown to be
regions of high abundance and diversity for organisms across different trophic
levels (Woodson et al. 2012). Rockfish recruitment was shown to be positively
correlated with probability of frontal features in the northern and central portions
of the California Current System (Woodson et al. 2012), and fronts also appear to
influence distribution of pelagic juvenile rockfish (Sakuma et al. 2013).
The convergence of processes that transport the major water masses, i.e. the
currents and winds, result in the SCB being an area of dynamic circulation. The
governing currents are the southward-flowing California Current and the
northward-flowing Southern California Countercurrent, which are responsible for
12

transporting the Pacific Subarctic mass southward and warmer, inshore water
northward, respectively. The Southern California Countercurrent (SCC) forms
when the CC collides with warm, southern waters at around 32 oN (approximately
off the coast of Ensenada, Mexico). Here, the CC current bifurcates with part of
the CC turning east, becoming warmer, and then flowing north along the coast,
becoming the SCC. Upon reaching the Channel Islands, the SCC again bifurcates
with part of it flowing west along the south side of the Channel Islands and then
rejoining the main branch of the CC, while the other part continues north into the
Santa Barbara Channel. This cyclonic flow within the SCB is known as the
Southern California Eddy (SCE) (Fig 1.1) (Lynn and Simpson 1987). Although
the anti-cyclonic flow in the SCB is evident most of the year, its strength
fluctuates seasonally, increasing in strength during spring and especially during
summer (Hickey 1979, Lynn and Simpson 1987, DiLorenzo 2003). The SCE has
been shown to enhance retention of S. hopkinsi and S. ensifer larvae in the SCB
(Taylor et al. 2004). Within the SCB, the south-flowing CC tends to move along
the Santa Rosa ridge that runs between the Santa Rosa and San Nicholas Islands,
while the SCC flows along the Santa Cruz ridge that connects Santa Cruz and
Catalina Islands (McClatchie 2014).
Upwelling-favorable winds are present to various degrees throughout the year
in the SCB (Ibid.). This is important because upwelling appears to notably
influence the early life history dynamics of rockfishes. The Bakun upwelling
index is strongly and positively correlated with interannual variation in settlement
of multiple rockfish species off the Channel Islands (Caselle et al. 2010). In a
13

data-assimilative regional oceanic modeling system (ROMS) reanalysis, regional
upwelling characteristics in the late winter months were found to be positively
correlated with abundances of juvenile rockfishes in spring (Schroeder et al.
2014). Lastly, regional productivity was found to positively influence settlement,
juvenile recruitment, and individual growth of rockfishes, suggesting that largescale oceanographic processes that stimulate upwelling are important for larval
growth and subsequent year-class strength in rockfishes (Wheeler et al. 2016).
Further variability in the SCB is introduced via large-scale climatic
oscillations (e.g., El Niño-Southern Oscillation), which influence circulatory
patterns as well as oceanographic parameters such as chlorophyll a and sea
surface temperature (Bograd and Lynn 2003). A model assessed that variance in
S. paucispinis recruitment appears to be influenced by an interaction between
population density and positive Northern Oscillation Index values, which is
associated with stronger trade winds and coastal upwelling, as well as cooler
upper ocean temperatures and increased macrozooplankton volume off the coast
of southern California (Zabel et al. 2011). However, a study of pelagic juvenile
rockfish abundances from midwater trawl surveys found poor correlation between
abundances and basin-scale indices (i.e. El Niño-Southern Oscillation, Pacific
Decadal Oscillation, North Pacific Gyre Oscillation, and Northern Oscillation)
(Ralston et al. 2013).
Another distinctive characteristic of the SCB is low dissolved oxygen
concentrations, particularly in deeper waters and basins (McClatchie et al. 2010).
Hypoxic conditions (< 1.5 mL∙L-1) result in some aerobic organisms
14

experiencing respiratory stress, restricting their activity and distribution to areas
with sufficient oxygen levels (Deutsch et al. 2011). Because deeper waters are
more likely to be hypoxic, demersal species, such as rockfishes, may be especially
impacted by hypoxia; there has been concern that observed shoaling of oxygenminimum waters in the SCB will negatively impact rockfishes by significantly
reducing the amount of suitable habitat (McClatchie et al. 2010). However, in a
study of Quillback (S. maliger) and Copper (S. caurinus) rockfish responses to
hypoxic conditions, the authors proposed that other characteristics of the hypoxic
water mass such as origin, chemistry, and temperature, must also be considered in
addition to oxygen levels in order to fully comprehend the effects of hypoxia on
rockfishes and other fishes (Rankin et al. 2013).

1.6 Cowcod Conservation Areas and Rockfish Conservation Areas
In 2001, in response to the drastic decline in populations of commercial
rockfishes, especially cowcod (S. levis), which was declared overfished in 1999
(Butler et al. 1999), the Pacific Fishery Management Council and the California
Department of Fish and Game established the Cowcod Conservation Areas
(CCAs). The CCAs comprise two areas in the SCB region where bottom-fishing
deeper than 36 m is prohibited—a larger western area encompassing roughly
10,878 km2, and a smaller area to the east encompassing roughly 260 km2 (Fig
1.2). In the following year, Rockfish Conservation Areas (RCAs) were
established along the entire western North American coast from California to
British Columbia (Yamanaka and Logan 2008).
15

A handful of studies have been conducted that suggest that the CCAs’
potentially benefit targeted rockfishes. Based on larval abundances in the SCB
derived and calculated from mesozooplankton samples collected in 2004,
Hitchman et al. (2012) found the CCAs to be an ideal parturition habitat for S.
paucispinis. Based on similarly-derived larval abundances in the SCB for 2005,
Thompson et al. (2016) found higher rockfish species richness and targeted
rockfish abundance within the CCAs. A 2012 ROV survey of the CCAs found
that encounter rates with S. levis were higher within the CCAs than outside of
them (Stierhoff et al. 2013).
Research has also been conducted assessing the efficacy of RCAs north of the
SCB. Bottom trawl surveys conducted in the U.S. RCAs between 2003 and 2011
found significant increases in demersal species abundance, indicating that the
U.S. RCAs may be facilitating the recovery of rockfish populations (Keller et al.
2014). However, the Canadian RCAs may not be performing as effectively, as
there have been mixed results among various studies conducted within the past
decade. The most recent studies by Haggarty (2015, 2016) seem to indicate that
the RCAs around Vancouver Island are not facilitating recovery of demersal fish
populations.
Despite the CCAs’ 15 years of establishment, no comprehensive systematic
study of the reserve on targeted rockfish populations had been conducted until
now. The lack of time-series data has been noted by stock assessments (Dick and
MacCall 2014, He et al. 2015) and ecological studies (Yoklavich et al. 2007,
Thompson et al. 2012) conducted in the region, and is important to our
16

understanding of the efficacy of the CCAs in their ability to facilitate recovery of
overfished rockfish species.

1.7 Questions and Hypotheses
This study aimed to fill in crucial information gaps in the understanding of
MPAs’ impacts on reproductive output as well as provide a clearer picture of the
CCAs’ impacts on targeted rockfishes in the SCB; this was accomplished through
construction and analysis of a 16-year time series spanning from 1998 to 2013—
from four years before the establishment of the CCA to 12 years afterward. and
addressing the following research questions:

1. How have abundances of larvae of targeted rockfishes in the SCB changed
during the study period?
H0: There will be no significant relationship between abundances of
larvae of targeted rockfishes and time.
2. How do the presence of larvae of targeted rockfish species relate to
temperature, salinity, chlorophyll a, and oxygen?
H0: There is no significant relationship between presence of larvae of
targeted rockfish species and temperature, salinity, chlorophyll a, nor
oxygen.
3. How do temporal trends in abundances of targeted rockfish larvae within
the CCAs compare to temporal trends in abundances of targeted rockfish
larvae outside of the CCAs?
17

H0: There is no significant difference in temporal trends in abundances of
targeted rockfish larvae within the CCAs compared to temporal trends in
abundances of targeted rockfish larvae outside of the CCAs.
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Figure 1.1 Map of the SCB showing some of the current dynamics of the region,
including the CC, SCC, and SCE taken from Hickey (1992).
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Figure 1.2 Map of CalCOFI stations used in this study and the boundaries of the
Cowcod Conservation Areas off of southern California, USA. Numbers represent
the CalCOFI line and station of each sample location.
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CHAPTER 2: Evidence of increased larval production from a southern
California marine protected area
2.1 Abstract
Overfishing is affecting ecosystems and economies worldwide. Marine
protected areas (MPAs) can facilitate recovery of diminished stocks. To notably
augment fisheries, however, reproductive output must increase within the bounds
of MPAs so that larvae can be exported to surrounding areas and seed the region.
We evaluated dynamics of larval abundances of 8 rockfish species (Sebastes spp.)
that were historically heavily fished and 7 that have not been directly targeted by
fishing. Comparisons of abundances were made for 12 stations, sampled annually
between 1998-2013, 6 inside and 6 outside of two large MPAs (Cowcod
Conservation Areas (CCAs), established in 2001) off Southern California, USA.
Mean abundances of 6/8 targeted and 3/7 non-targeted species increased during
the study period at a regional scale. These increases were likely affected by
environmental conditions in addition to changes in fishing pressure as the
presence of most species correlated negatively with temperature, and temperature
was lower than the historic average in 11/15 years. In addition, 75% of the
targeted, but none of the non-targeted, species increased at a greater rate inside
than outside the CCAs while controlling for environmental factors. This is one of
the first quantitative demonstrations that MPAs can influence fish reproductive
output. Results indicate that management actions, coupled with favorable
environmental conditions, facilitated the resurgence of multiple rockfish species
that were targeted by intense fishing effort for decades.
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2.2 Introduction
The negative impacts of fishing on targeted fish populations and fished
ecosystems have been known for decades (Jackson et al. 2001, Myers and Worm
2003). The problem continues to this day, as significant depletions and declining
catch-per-unit-effort (CPUE) were found to be a recurring trend world-wide
(Pitcher and Cheung 2013). Further, predatory fish biomass is estimated to have
declined by 2/3 globally from 1880 to 2007, and the rate of decline is still
accelerating (Christensen et al. 2014). Additionally, overfishing has been shown
to result in far-reaching ecological effects beyond simple population depletion,
such as altering predation risk (Madin et al. 2016). Determining how to alleviate
overfishing, therefore, is one of the most important issues for both fisheries
science and management.
Marine protected areas (MPAs) or marine reserves hold the potential to
assuage the effects of overfishing, especially for relatively sedentary species, and
have been implemented globally over the past two decades (Lester et al. 2009).
Meta-analyses consistently provide extensive evidence of both fisheries (Roberts
et al. 2001, Halpern et al. 2009, Vandeperre et al. 2011) and biological and
ecological benefits, such as greater abundance and larger body sizes of targeted
species, in association with MPAs (Lester et al. 2009, Sciberras et al. 2013).
However, the design of reserve studies are often lacking, as before and after
impact data are relatively rare (but see Alemany et al. 2013, Rife et al. 2013), and
environmental and habitat effects are often not considered (Lester et al. 2009,
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Miller and Russ 2014). Furthermore, few studies to date have explicitly assessed
quantitative impacts of MPAs on reproductive output through time.
Augmentation of reproductive output is critical to MPA success because larval
export can seed surrounding areas and thus increase regional production (Halpern
et al. 2009, Pelc et al. 2009, Russ and Alcala 2011). In this study we evaluate
reserve effects on rockfish (Sebastes spp.) production throughout southern
California using a before-after, control impact paired series design approach
(Schmitt and Osenberg 1996).
Rockfishes (Sebastes spp.) are a speciose group of demersal fishes found
mostly along the west coast of North America. Whereas some species are
relatively small and short-lived and provide an important forage base for
predatory fishes and marine mammals, others grow to large sizes (> 90 cm), live
for many decades (up to > 150 years), and are apex predators (Love et al. 2002).
Larger rockfish species have been targeted by recreational and commercial
fisheries since the mid-19th century, and technological developments in the 1940s
and 1970s led to severe population declines due to overfishing (Love et al. 2002).
A survey of commercial passenger fishing vessels in the Southern California
Bight (SCB) region from 1980 to 1996 revealed drastic declines in CPUE and
mean total length of multiple rockfish species, such as Bocaccio (S. paucispinis),
Blue (S. mystinus), Olive (S. serranoides), Chilipepper (S. goodei), Swordspine
(S. ensifer), Yellowtail (S. flavidus), and Vermilion rockfishes (S. miniatus) (Love
et al. 1998). Moser et al. (2000) observed declines in larval abundances
associated with declines in adult biomass of Bocaccio and Cowcod (S. levis) in
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fishery-independent surveys from 1977-1998. Moser et al. (2000) suggested
environmental conditions (i.e., a shift to a warm climate regime at that time) and
fishery exploitation as possible explanatory factors for the declines; however, a
later study determined that the regime shift did not significantly impact S.
paucispinis recruitment, supporting the idea that the declines were more likely
due to fishery exploitation (Tolimieri and Levin 2005).
In 2001, in response to the drastic decline in populations of rockfishes in
Southern California, [particularly S. levis, which was formally declared overfished
in 1999 (Butler et al. 1999)], the Pacific Fishery Management Council and the
California Department of Fish and Game established two Cowcod Conservation
Areas (CCAs). The CCAs comprise two areas in the SCB where bottom-fishing
deeper than 36 m is prohibited—a larger western area encompassing roughly
10,878 km2, and a smaller area to the east encompassing roughly 260 km2 (Figure
1.2). These areas are several times larger than most other marine reserve areas
that have been comprehensively studied thus far (but see Alemany et al. 2013). In
this study we evaluate whether the CCAs impacted larval production of rockfishes
over a 16-year period that spans before and after the CCAs’ implementation.
Previous research has suggested that the CCAs have benefited targeted
rockfishes (Hitchman et al. 2012, Stierhoff et al. 2013, Thompson et al. 2016).
However, there have been no studies assessing how the CCAs have impacted
targeted rockfishes over the entire reserve and throughout the duration of the
CCAs’ establishment. Both stock assessments (Dick and MacCall 2014, He et al.
2015) and ecological studies (Yoklavich et al. 2007, Thompson et al. 2012)
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conducted in and around the CCAs noted that the lack of time-series data hinders
our capacity to understand whether the CCAs have influenced the recovery of
rockfishes from overfishing.
By evaluating the efficacy of large marine reserves on fish reproductive
output this study provides critical information for understanding MPA dynamics
and assisting fisheries management. We analyze a unique fishery-independent
time series of rockfish larvae collected annually from 1998 to 2013 within and
outside of reserves before and after reserve establishment. The dataset includes
species that are both targeted and untargeted by fishers as well as oceanographic
and habitat conditions at systematically sampled locations. We are thus able to
evaluate reserve effects while controlling for oceanographic dynamics.

2.3 Methods
2.3.1 Sample collection and initial processing
Ichthyoplankton samples have been collected quarterly in the SCB and
preserved in 95% ethanol since 1997 as part of the California Cooperative
Oceanic Fisheries Investigations (CalCOFI) sampling program (Fig 1.2).
CalCOFI uses 0.71 m diameter, 505 µm-mesh bongo nets towed obliquely to 210
m depth to collect ichthyoplankton samples (Ohman and Smith 1995, McClatchie
2014) and CTDs to record oceanographic variables (e.g., temperature, salinity,
dissolved oxygen concentration, and chlorophyll a). This study focuses on
samples collected from 1998 to 2013 during the winter (January-February) cruise
as winter is the peak spawning period for the majority of rockfishes in this region
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(Love et al. 1990, Moser et al. 2001). Ichthyoplankton that were visually
identified as rockfishes were removed, counted, and measured for total length
with a dissecting microscope and micrometer.

2.3.2 Species identification and data refinement
A few rockfish species, such as S. jordani, S. paucispinis, and older stages of
S. levis can be morphologically identified to the species level during the entire
duration of their early life history stages, and these were enumerated visually
under a microscope. The vast majority of rockfish larvae, however, are not
identifiable to species based on morphology, and these were identified genetically
by amplifying and sequencing the mitochondrial cytochrome b gene [see
Appendix 1 for protocol (Hyde and Vetter 2007, Thompson et al. 2016)].
Previous analyses demonstrated that this gene can discriminate all rockfish
species in the SCB (Taylor et al. 2004, Thompson et al. 2016).
Unfortunately, most larvae from 2003 were found to be poorly preserved and
thus unable to be sequenced; therefore, we excluded 2003 samples from the
analyses. We also eliminated from analyses stations where greater than or equal
to fifty percent of the larvae failed to sequence.

2.3.3 Analyses
Temporal trends
Trends in larval abundance were evaluated by correlating mean larval
abundance per year against year with a general linear model. To standardize for
40

minor differences in tow lengths and/or depths among stations, larval count data
were multiplied by a standard haul factor (SHF) and expressed as larvae under
10m2 of sea surface area (Smith and Richardson 1977, Thompson et al. 2016).
Annual winter means were calculated using the delta-mean technique (Pennington
1983) that helps account for high numbers of samples containing zero values.
Analyses were restricted to common species (at least 300 larvae under 10 m2
summed across all years). We removed S. diploproa because this species is
known to primarily spawn in the summer and fall (Moser et al. 2001). We also
removed an extreme outlier station in 2004 that contained abundances of S. levis,
S. wilsoni, and S. paucispinis that were between approximately two and three
times greater than the next highest station in the entire data set (Figure A.1). We
calculated the proportion of species that were historically targeted and nontargeted by fishing [as defined by Love et al. (2002)] that increased significantly
(p < 0.05) through time. Our goal was to determine if there were similar patterns
across species rather than determine the significance of any one species; therefore,
we did not apply a Bonferroni correction.

Environmental influence
In addition to cessation of fishing pressure, environmental conditions may
have contributed to changes in larval rockfish abundances. To determine dynamic
habitat preference for the common species, we utilized logistic regression to test
whether the presence of larvae at each station was affected by temperature,
chlorophyll a, salinity and oxygen. Covariance was low among these independent
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variables and all were included in the analyses (Table A.1). Because the vast
majority of rockfish larvae occupy the upper 100 m of the water column
(Ahlstrom 1959), we computed mean values for each environmental covariate
between 3 and 100 m. We limited these analyses to include only larvae that were
< 5 mm total length (TL) based on previous findings that these young larvae had
mostly not been advected far from their natal location (Hitchman et al. 2012,
Thompson et al. 2016). Residuals for each species model were not found to be
spatially autocorrelated but were temporally autocorrelated (Figure A.2). To
account for temporal autocorrelation we included year as an autocovariate;
residuals of these models were not temporally autocorrelated (Figure A.3). We
again calculated the proportion of targeted and untargeted species whose
presence/absence correlated significantly (p<0.05) with a covariate.
To provide a sense of how oceanographic conditions during the study
compared with long-term patterns, we calculated yearly winter averages of the
environmental variables from the time-series data and compared them to longterm winter averages obtained from CalCOFI hydrographic data spanning from
1983 to 2013.

CCA influence
If the CCAs positively influenced rockfish production, larval abundances
should have increased at a greater rate within than outside of the protected areas
for targeted species but not for untargeted species. However, environmental
conditions can also affect production dynamics, thereby obscuring reserve effects.
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To isolate CCA from environmental effects we conducted a Bray-Curtis cluster
analysis on stations based on means of the four environmental variables (oxygen,
chlorophyll a, temperature, and salinity) averaged across the time-series, as well
as two stationary variables—depth and percentage of hard substrate—that are
known to affect rockfish distribution (Love et al. 1990, Thompson et al. 2016):
the proportion of hard substrate (obtained from the Seafloor Mapping Lab at
California State University, Monterey Bay, http://seafloor.
otterlabs.org/contact.html) and depth (Figure A.4). We then selected six stations
outside of the protected areas that most closely matched habitat conditions of the
six CCA stations (Figure A.4). Next, we calculated winter delta means for each
species with a total abundance of > 150 larvae under 10 m2 during the study in
these twelve stations alone: S. rufus, S. paucispinis, S. ovalis, and S. serranoides
for the most abundant targeted species (while S. mystinus did meet this threshold,
it was excluded from this analysis as its center of distribution was found to be
north of the Channel Islands), and S. hopkinsi, S. jordani, S. wilsoni, S. saxicola,
S. ensifer, and S. moseri for the most abundant non-targeted species. As with the
previous analysis we only utilized individuals that were < 5 mm TL. We then
conducted an ANCOVA for each species with year, inside/outside the CCAs, and
an interaction between these terms as the dependent variables. This interaction
was particularly important as significance indicates that abundances changed at a
different rate inside versus outside the CCA. We thus determined the proportion
of targeted and untargeted species where the p-value for the year*CCA interaction
was less than 0.05. All analyses and figures were made using the statistical
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analysis software R v.3.2.3 (R Development Core Team 2016). R packages are
described in Appendix 3.

2.4 Results
Overview
We processed 6919 larvae and identified 38 rockfish species throughout the
time-series (Table A.2). Two non-targeted species, S. hopkinsi and S. jordani,
were especially predominant, comprising over 50% of the sequenced larvae
combined. The next most abundant non-targeted species other than S. hopkinsi
and S. jordani were S. wilsoni, S. semicinctus, S. saxicola, S. ensifer, and S.
moseri (Table 2.1). The most abundant targeted species were S. paucispinis, S.
mystinus, S. rufus, S. ovalis, S. serranoides, S. entomelas, S. goodei, and S.
caurinus (Table 2.1). Conversely, some species were extremely rare. For
example, we detected only one individual for S. chlorostictus, S. rosenblatti, and
S. rubrivinctus, two individuals for S. dalli and S. ruberrimus, and three for S.
macdonaldi (Table A.2).

Temporal trends
Thirty-five of the 38 species exhibited a positive (although not necessarily
statistically significant) correlation with year (Figure A.5). Six of the eight most
abundant targeted species (S. caurinus, S. entomelas, S. mystinus, S. ovalis, S.
paucispinis, and S. serranoides) showed significant (p < 0.05) or nearly
significant (p < 0.10) increases in their delta mean abundances over time.
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Interestingly, the namesake of the CCAs (S. levis) also increased significantly
through time, but because its abundance throughout the study was below the
established threshold (195 individuals under 10 m2, Figure 2.1), meaningful
conclusions about S. levis larval dynamics are precluded. Four of the seven (S.
hopkinsi, S. moseri, S. saxicola, and S. wilsoni) most abundant non-targeted
species significantly or nearly significantly increased during the study (Figure
2.2).

Environmental influence
The probability of presence of five of the eight most abundant targeted species
(S. entomelas, S. mystinus, S. ovalis, S. paucispinis, and S. serranoides) correlated
negatively with temperature; of the seven most abundant non-targeted species,
only S. moseri and S. wilsoni had significant negative relationships with
temperature (Table 2.2, Figure A.6). There were also significant positive
relationships with chlorophyll a for S. caurinus, S. jordani, and S. semicinctus
(Table 2.2).
Comparison of average winter values of the environmental variables during
the study period (1998 to 2013) to long-term averages (1983 to 2013) indicated
that average winter temperature was frequently lower (11 out of 16 years),
average winter salinity was frequently higher (10 out of 16 years), and average
winter oxygen was frequently lower (10 out of 16 years) during the study (Figure
4). Average winter chlorophyll levels fluctuated nearly equally below and above
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the long-term winter average (seven years above, eight below, and one value
nearly identical to the long-term average) (Figure 2.3).

CCA influence
The interaction between year and CCA was significant (p < 0.05) for two out
of the four most abundant targeted species (S. ovalis, S. rufus) and nearly
significant (p < 0.07) for S. serranoides (Figure 2.4). The interaction term was
not significant (p between 0.17 and 0.99) for any of the most abundant untargeted
species.

2.5 Discussion
Our results strongly suggest that the presence of large MPAs in California
positively impacted reproductive output of targeted species. Abundances of 75%
of the most common targeted species, but none of the untargeted species,
increased at a greater rate at stations with similar habitats within than outside of
the CCAs. This indicates that the presence of the CCAs is facilitating the
recovery of rockfish species that were historically targeted by fishers.
Although it is recognized that augmenting reproductive output is crucially
important for MPA success (Pelc et al. 2009), to our knowledge this is the first
demonstration that an MPA has affected larval production at relatively large
spatial and temporal scales. A handful of studies, however, measured
reproductive output in association with MPAs at smaller scales. Valles et al.
(2001) surveyed a marine reserve and an adjacent fished area over a span of three
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months and found no reserve effect on fish larvae; they proposed this was due to
hydrodynamic or biological features. Lopez-Sanz et al. (2009) surveyed an MPA
for two seasons in 2003 and found high species richness and a high abundance of
shorefish larvae, and concluded that vulnerable species were recovering due to the
reserve. Other studies that showed reserve benefits on reproductive output
focused on increased number of eggs and larvae of conch species (Stoner and Ray
1997, Manriquez and Castilla 2001) or utilized proxies of reproductive output that
were estimated from biological characteristics of the adult populations, such as
organism size, fecundity, and biomass (Willis et al. 2003, Beukers-Stewart et al.
2005, Díaz et al. 2011). We suggest that more effort needs to be placed on
directly quantifying larvae productivity to better assess the efficacy of MPAs.
Short-term studies also suggest that the CCAs benefit rockfish populations.
Thompson et al. (2016) showed that larval rockfish species richness, particularly
of targeted species, was higher within than outside of the CCAs in 2005.
Similarly, Stierhoff et al. (2013) encountered greater numbers of S. levis within
the CCAs than outside using submersible surveys. In addition, Hitchman et al.
(2012) found that abundances of recently hatched larval S. paucispinis were
concentrated around the relatively shallow banks within the eastern CCA.
Although we did not detect an interaction between year and CCA for S.
paucispinis, abundances were higher within than outside of paired CCA stations
in all but two years. These studies and ours indicate that the CCAs were
positioned in locations that are well suited to protect and facilitate the recovery of
many rockfishes in southern California.
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Relatively large Rockfish Conservation Areas (RCAs) have also been
established along the western U.S. coast, as well as further north in Canadian
waters in the vicinity of British Columbia and Vancouver. These RCAs in the
U.S. appear to be benefitting rockfishes in addition to other demersal species as
bottom trawl surveys detected significant increases in abundances between 2003
and 2011 (Keller et al. 2014). Specifically, mean catch-per-unit-effort and
organism sizes for a majority of observed species were higher in areas
continuously closed to commercial trawling compared to areas open or
periodically closed to trawling. However, studies in the Canadian RCAs obtained
mixed results. Cloutier (2011) indicated that the Canadian RCAs in the Strait of
Georgia were positively impacting rockfishes, but other research by Markel
(2011) in Barkley Sound and Haggarty (2015, 2016) around Vancouver Island
(including in the Strait of Georgia) suggested that the Canadian RCAs in these
areas are not facilitating recovery of demersal fish populations within the
reserves. Haggarty suggested that confounding factors such as habitat quality,
habitat isolation, and level of fishing compliance, which she found to be
unchanged or even increased in certain areas (Haggarty 2015, Haggarty 2016),
have compromised RCA efficacy around Vancouver Island.
While larval rockfish abundances (and larval fish abundances in general) can
be driven by multiple factors, it is likely that increased biomass of reproductively
active females and favorable environmental conditions contributed to the larval
abundance dynamics observed in our study. We found that larval abundances of
the majority of both targeted and non-targeted rockfishes increased throughout the
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SCB between 1998 and 2013. Increasing adult rockfish abundances were also
documented in stock assessments on S. levis in the SCB and S. paucispinis along
the western U.S. coast (Dick and MacCall 2014, He et al. 2015). These trends
were probably influenced by an exceptionally strong recruitment for most species
in 1999 (Ralston et al. 2013). Given that management limited fishing beginning
in 2000, it is probable that a relatively large proportion of the 1999 cohort
survived long enough to begin becoming reproductively active and contributed to
larval production by 2004.
In addition to management actions that allowed more individuals to reach
maturity, environmental conditions likely contributed to the proliferation of
rockfish larvae. Rockfish spawning output is affected by the environment as
female reproduction is reduced when food is scarce and adult energy reserves are
low (Love et al. 2002). Low spawning years typically occur during El Niños
when water temperature is high and primary productivity is low (Ventresca et al.
1995, Tolimieri and Levin 2005). Our logistic regression models indicate that the
presence of most species correlated negatively with temperature. Further, we
found that the water was cooler than the 30-year average in most years between
1998 and 2013, and it has been speculated that 1999 marked the beginning of an
oceanographic shift from warm conditions that characterized the region between
1977 and 1998 (Zwolinski and Demer 2012). Therefore, environmental
conditions appeared to have been generally conducive for high larval production
and recruitment throughout much of the study.
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Although overfishing remains a global concern (Worm et al. 2009),
synergistic effects of management and favorable environmental conditions have
been identified to augment the recovery of another long-lived, overfished species
(Petitgas et al. 2010). Striped Bass (Morone saxatilis) in the Chesapeake Bay,
USA, were severely overfished throughout the 1970s and 1980s. In 1984 a strict
fishing moratorium was implemented, and favorable environmental conditions
produced strong recruitment in 1989, 1993, and 1996 (Field 1997, Secor 2000).
By 2000, the stock was rebuilt to pre-exploitation levels (Secor 2000). It is
possible that targeted rockfishes in southern California are on a similar trajectory.
Increasing larval rockfish abundances in the CCAs hold the potential to
positively affect rockfish populations at a regional scale through larval spillover
(Pelc et al. 2009). Future research using larvae from this study will concentrate
on ageing larvae by counting daily otolith rings. Once precise ages are
established we will use regional oceanic modeling systems (ROMS) models
(Weber et al. 2015) to trace the path larvae took to arrive at their location of
capture. This work will help better establish the degree to which the CCAs are
functioning as sources in rockfish metapopulations.
Although the abundances of several species increased over the time-series
(Fig A.5), abundances of multiple targeted species, notably including S. levis,
remained at low levels relative to the non-targeted species. It is possible that not
enough time has elapsed for effects to be seen in some targeted species
populations. White et al. (2013) showed that it may take decades for a targeted
fish species to reach an equilibrium following reserve establishment, especially if
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the populations in question have experienced high fishing pressure, undergo
maturation at older ages, have lower natural mortality rates, and lower larval
connectivity, most of which are characteristic of targeted rockfish species in our
study. This idea was supported by García-Rubies et al. (2013) who further
confirmed that exploited fish populations may need decades to recover, and that
recovery rates differ among species. Further monitoring is needed to evaluate
whether larval abundances of targeted rockfishes continue to increase relative to
non-targeted species after 2013.
Alternatively, the system could be in an alternate stable state, having
transitioned from being dominated by larger targeted rockfish species to being
dominated by smaller, faster-growing, non-targeted species, namely S. hopkinsi
and S. jordani (Baskett et al. 2006). If this is the case, the smaller species may be
consuming young targeted species and hence directly impeding recovery.
Another alternative is that potential ongoing fishing effort in the region and lack
of enforcement could be maintaining low population numbers of targeted species
that did not show similar trends of recovery. In order to assess this, future
research on fishing effort in the region needs to be conducted. It is also possible
that all of these scenarios may be interacting with each other to various degrees.
Our work strongly indicates that the CCAs have been effective in facilitating
the recovery of multiple targeted rockfish species, supporting and highlighting the
effectiveness of establishing and regularly monitoring long-term marine reserves.
Given that augmenting larval output is the primary mechanism by which MPAs
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can benefit fisheries, we believe that larval monitoring should be utilized more
often when assessing MPA efficacy.
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Table 2.1 Total standard haul factor-adjusted abundances (larvae under 10m2,
rounded to the nearest whole integer) of larvae for the most abundant rockfish
species throughout the time series.
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S. caurinus
S. entomelas
S. goodei
S. mystinus
S. ovalis
S. paucispinis
S. rufus
S. serranoides
S. ensifer
S. hopkinsi
S. jordani
S. moseri
S. saxicola
S. semicinctus
S. wilsoni

Fishery Importance
targeted
"
"
"
"
"
"
"
non-targeted
"
"
"
"
"
"
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Total abundance
314
340
703
1505
756
1251
972
417
493
9104
6884
373
1008
1357
1807

Table 2.2 Slopes of relationships between rockfish species presence and
environmental variables over the study period. Significant relationships (p <
0.05) are indicated in bold. The horizontal line distinguishes between targeted
and non-targeted species.
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S. caurinus
S. entomelas
S. goodei
S. mystinus
S. ovalis
S. paucispinis
S. rufus
S. serranoides
S. ensifer
S. hopkinsi
S. jordani
S. moseri
S. saxicola
S. semicinctus
S. wilsoni

Temperature
-0.556
-0.855
-0.2.81
-1.090
-0.460
-0.758
-0.129
-0.633
0.035
-0.198
-0.022
-0.687
-0.140
0.165
-0.773

Salinity
0.773
-1.284
-3.297
-0.351
-0.492
-1.312
0.253
-1.122
3.200
0.067
-1.257
-0.266
-0.837
-1.926
-0.759

56

Oxygen
0.376
0.516
-0.836
1.035
0.179
0.376
0.545
0.249
0.358
-0.492
-1.301
0.937
-0.540
-1.229
0.137

Chlorophyll a
0.464
0.001
-0.095
0.250
0.111
-0.038
-0.203
0.143
-0.423
0.266
0.470
-1.44
0.267
0.570
-0.036

Figure 2.1 Delta mean abundances of the eight most abundant rockfishes that
were historically targeted by fishing pressure through time. Of these eight, S.
caurinus, S. entomelas, S. mystinus, S. ovalis, S. paucispinis, and S. serranoides
showed significant or nearly significant increases. Sebastes levis did not meet the
abundance criteria to be included in the statistical analysis, but is shown here as it
is the namesake of the marine protected area.
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Figure 2.2 Delta mean abundances through time of the seven most abundant
rockfishes that were not targeted by fishing. Of these seven, S. hopkinsi, S.
moseri, S. saxicola, and S. wilsoni showed significant or nearly significant
increases.

59

60

Figure 2.3 Mean winter environmental variable values over the course of the
study period (temperature measured in degrees Celsius, salinity in ppt, oxygen in
ml/L, and chlorophyll a in μg/L). Long-term winter averages from 1983 to 2013
are indicated by dotted blue lines.
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Figure 2.4 Larval abundance trends of targeted species within the CCAs (red) and
outside of the CCAs (blue).
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CHAPTER 3: CONCLUSION
In this study I demonstrate that the CCAs positively impacted targeted
rockfish species as larval abundances of targeted rockfish species increased at a
greater rate through time within the CCAs compared to stations with similar
environmental conditions, depth, and substrate type outside of the CCAs. In
contrast, I found that the rates of change within vs. outside of the CCAs were
similar for non-targeted species. These results hold important implications for
MPA studies as a whole, as they demonstrate explicit increase in reproductive
output of targeted species through time in association with MPA establishment
(see Section 2.5 for more detailed framing of this study within the context of other
MPA studies). Additionally, this study also represents the first systematic
spatiotemporal assessment of the CCAs’ impacts on rockfish populations and
therefore holds important implications for fisheries management of rockfish
fisheries in southern California. This is especially the case since it is possible that
S. paucispinis and S. levis fisheries will be re-opening in the near future, as both
of their stocks are likely to rebuild “faster than expected” (John Field, personal
communication).
This study also provides an important resource for rockfish fisheries
management through the conception of a comprehensive fisheries-independent
spatiotemporal dataset of larval abundances of the suite of rockfish species
sampled during the CalCOFI cruises. This information can be incorporated into
the rockfish stock assessments conducted by the Pacific Fishery Management
Council. There are around 20 species for which stock assessments are either kept
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up to date or have at least been conducted at some point in the past; these include
species that were relatively abundant in this study, such as S. diploproa, S.
entomelas, S. goodei, S. jordani, S. levis, S. mystinus, S. paucispinis, and S. rufus.
This dataset is currently restricted to the ethanol-preserved mesozooplankton
samples from the winter CalCOFI cruises spanning from 1998 to 2013, but it can
also be expanded to include samples leading up to the present year, as well as
samples collected during cruises from other seasons; spring samples would be
especially valuable to include, as some species’ peak parturition periods occur in
the spring months (Love et al. 2002). For the few visually identifiable species
(which notably include S. levis and S. paucispinis), the dataset can potentially
even be expanded to include larval abundances derived from the historical
formalin-preserved samples; this would be valuable given how many more
decades back the formalin-preserved samples date than the ethanol-preserved
samples.
In addition to the research described in this thesis, these data can be analyzed
for several future studies. One could attempt a more in-depth and more
contemporary spatiotemporal analysis; for the purpose of simplicity I restricted
this study to statistical analyses that were established and straightforward to
understand, but as a result I did not look at spatial variability at a station-bystation scale. For example, Thorson et al. (2015) used a novel multivariate
approach—spatial factor analysis—to model distribution of 20 rockfish species
off the U.S. West Coast simultaneously based off of trawl survey data from 2003
and 2012; this technique was found to be more accurate than analyzing individual
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species, as well as provided different insights into cross-correlations between
species. Another aspect that will require further investigation is greater precision
in determining natal locations of individual larvae, as this will determine whether
or not the larvae actually originated from within the reserve. One way to address
this is through utilizing otolith-based aging techniques (e.g. Hitchman et al. 2012)
in conjunction with a regional oceanic modeling system (ROMS) (Weber et al.
2015) to attempt to account for potentially advective processes (i.e. currents) that
may have influenced the direction toward and destination of where larvae were
collected.
Additionally, assessing the regional fishing effort will help elucidate the
impacts of the CCAs on targeted rockfish species and thereby expand upon the
results of this study. Determining the intensity of fishing effort around the CCAs
and whether or not there may even be substantial poaching within the CCAs can
potentially explain why some targeted species have not seemed to recover.
In closing, this study has provided novel results with important local
implications, for marine protected areas as a whole, for the southern California
rockfish fishery, and has also set the groundwork for many more important
studies to come.
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Appendix 1: Genetic Identification Protocol
A. Tissue extraction:
1. DNA is extracted from 95 larvae by removing one eye from each larva
and placing them into 95 PCR strip tubes (the 96th tube will be a negative
control) each containing 150 µL of 10% Chelex solution.
2. The strip tubes are heated in a PCR machine at 60 oC first for 20 minutes,
and then at 100 oC for 25 minutes.
B. Cytochrome b amplification:
1. 3 µL of supernatant (which contains the extracted DNA) from each strip
tube is mixed in new strip tubes each with 7 µL of a reagent mix
containing the following:
-

Milli-Q water,

-

10x Buffer (20 mM MgCl2),

-

10 μM Glu-RF2-5’ primer (Hyde and Vetter 2007),

-

10 μM CB3-RF2-5’ primer (Hyde et al. 2008),

-

20 mg ml-1 bovine serum albumen,

-

2 nM deoxynucleotide triphosphates, and

-

5 units μL-1 Taq polymerase.

2. The tubes containing the extracted DNA-reagent mix are heated in a PCR
machine first at 92 oC for 2.5 min, then for 45 cycles of the following:
1) 94 oC for 30 sec
2) 57 oC for 1.5 min, and
3) 70 oC for 1.5 min.
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Finally the tubes are brought to 72 oC for 1.5 min.
3. 3 µL of PCR product from 7 designated wells and 3 µL of the negative
control are run on a 2% ethidium bromide-agarose gel at 115 V for 15
minutes, and the gel is visualized using an Alphaimager 2200 to determine
success of the PCR. Success is indicated by strong bands in the lanes
loaded with the 7 samples and absence of a band in the lane containing the
negative control.
C. ExoSAP and sequencing reaction:
1. 5 µL of each PCR product is mixed in a 96-well plate with 2 µL of
ExoSAP-IT (USB Corp.) to remove extra primers and dNTPs.
2. The plate is heated in a PCR machine first at 37 oC for 15 min, and then at
80 oC for 15 min.
3. 5 µL of a reagent mix comprised of the following is added to each of the
wells:
-

Milli-Q water,

-

5x Buffer (10mM MgCl2),

-

Big Dye v. 3.1 (Applied Biosystems), and

-

10 μM CBinR3 primer (Gallagher and Heppell 2010)

4. The plate is heated in a PCR machine first at 92 oC for 3 min, then for 34
cycles of the following:
1) 95 oC for 5 sec,
2) 50 oC for 10 sec, and
3) 60 oC for 4 min.
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Finally the plate is cooled to 8 oC until it is taken to the cold room for the
sequencing precipitation.
D. Sequencing precipitation:
1. 88 µL of sequencing precipitate mix (0.1M NaOAc) is added to each well
on the plate.
2. The plate is vortexed and placed in a -80 oC freezer for 5 min.
3. The plate is centrifuged at 3700 rpm for 20 minutes, and the precipitate
mix is poured out of the wells.
4. 150 µL of 70% ethanol is added to and then poured out of each well.
5. 10 µL of Formamide Hi-Di (Life Technologies) is added to each well.
6. The plate is heated in a PCR machine at 95 oC for 5 min.
E. Sequencing and identification:
1. The plate is sequenced using an Applied Biosystems-Hitachi 3730 DNA
Analyzer.
2. Each sequence is quality-checked using Sequencher software (GeneCodes,
Inc.) to look at nucleotide discrepancies among the sequences and
determine whether the discrepancies were due to instrument error or
represent genuine genetic differences.
3. The quality-checked sequences are input into Molecular Evolutionary
Genetics Analysis (MEGA) software, which compares and matches the
query sequences to master sequences for each rockfish species.
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Appendix 2: Supplemental Tables and Figures
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Table A.1 Correlation coefficients of environmental variables with each other.
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Temp 100m

Salinity 100m

Oxygen 100m

Chl a 100m

-

-0.143

0.571

-0.155

Salinity 100m

-0.143

-

-0.525

0.093

Oxygen 100m

0.571

-0.525

-

0.080

Chl a 100m

-0.155

0.093

0.080

-

Temp 100m
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Table A.2 Larval abundances (corrected for standard haul factor) of all rockfish
species sequenced during the study. Species that have been historically targeted
by recreational or commercial fisheries in the SCB are indicated in bold.
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1998

1999

2000

2001

2002

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

Total

0

0

0

0

0

0

0

0

9.13

0

0

0

0

4.32

0

13.45

4.83

0

4.71

5.54

14.55

0

3.81

9.3

15.25

5.03

20.52

20.04

0

8.57

15.05

127.2

S. caurinus

0

0

0

10.24

9.95

8.3

11.71

23.67

28.33

12.63

26.15

38.33

38.47

16.8

89.49

314.07

S. chlorostictus

0

0

0

0

0

0

0

0

0

0

0

0

0

0

4.09

4.09

S. constellatus

0

0

0

0

0

0

0

0

0

0

0

0

0

15.22

0

15.22

S. crameri

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

S. crocotulus

0

0

14.14

13.55

0

0

19.6

14.35

15.15

19.16

52.22

24.75

9.9

5

48.93

236.75

S. dalli

0

0

0

0

0

0

0

0

0

0

0

0

8.91

0

0

8.91

S. diploproa

33.39

4.12

23.83

4.85

4.53

0

32.08

36.95

15.39

24.11

10.41

0

35.56

0

29.08

254.3

S. elongatus

0

0

0

0

24.37

0

14.07

0

15.66

0

0

18.21

8.03

24.1

8.57

113.01

74.99

4.17

41.16

13.75

14.69

0

4.93

51.86

25.05

4.81

111.14

56.02

31.51

28.79

30.5

493.37

4.1

0

0

25.03

5.11

0

9.28

22.5

9.73

24

49.4

119.8

26.86

0

43.7

339.51

S. flavidus

0

0

0

0

0

0

0

0

0

0

0

9.9

9.24

5

9.96

34.1

S. gilli

0

0

0

0

0

4.72

4.93

0

0

0

8.65

0

0

0

0

18.3

4.74

0

4.43

10.24

0

19.08

94.66

9.76

50.03

24.42

326.23

53.53

23.27

13.69

69.36

703.44

S. auriculatus
S. aurora

S. ensifer
S. entomelas

S. goodei
S. helvomaculatus

0

0

0

0

0

0

0

8.9

0

0

0

0

0

9.68

0

18.58

S. hopkinsi

60.56

200.83

292.93

630.04

279.76

350.45

233.53

807.13

300.58

446.33

375.49

1038.57

934.62

1461.05

1692.3

9104.17

S. jordani

7.86

8.6

47

310.37

1554.55

45.95

332.94

747.7

655.39

666.05

249

253.01

246.26

1338.47

420.69

6883.84

0

0

4.33

4.59

9.49

0

13.38

9.61

19.49

13.88

15.18

25.21

13.89

14.27

17.29

160.61

0

0

0

0

0

0

3.86

4.66

0

0

0

0

0

0

4.09

12.61

9.64

0

4.64

0

14.6

0

0

13.93

0

0

5.48

4.77

0

0

0

53.06

S. levis
S. macdonaldi
S. melanostomus
S. miniatus

0

0

4.71

0

4.53

0

13.19

4.64

14.47

4.81

3.83

5.01

9.9

0

49.31

114.4

S. moseri

0

3.64

0

9.17

10.08

9.44

30.22

23

15.27

33.84

23.22

21.55

25.55

109.49

58.1

372.57
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S. mystinus
S. ovalis
S. paucispinis
S. phillipsi

1998

1999

2000

2001

2002

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

Total

0

12.92

4.72

98.08

9.7

46.27

155.32

4.66

137.51

108.47

77.92

181.7

184.09

54.66

428.84

1504.86

7.86

0

0

18.81

18.12

18.93

74.2

24.47

48.92

50.76

50.98

89.75

62.22

74.49

216.84

756.35

0

0

31.47

46.61

35.15

137.01

140.03

65.07

114.43

120.89

170.21

99.39

113.48

88.79

88.18

1250.71

0

0

0

0

0

0

4.37

0

5.52

10.21

5.48

0

0

0

7.2

32.78

4.1

0

0

0

0

0

0

0

0

0

4.96

0

0

0

9.75

18.81

S. rosaceus

0

0

0

0

0

9.49

4.41

17.32

4.45

0

0

5.15

22.11

57.15

9.67

129.75

S. rosenblatti

0

0

0

0

0

0

0

0

0

0

0

4.76

0

0

0

4.76

S. ruberrimus

0

0

0

0

0

0

0

0

0

0

0

0

0

5.07

4.87

9.94

S. rubrivinctus

0

0

0

0

0

0

4.47

0

0

0

0

0

0

0

0

4.47

S. rufinanus

0

0

0

5.06

9.06

0

17.75

0

9.85

5.03

0

13.36

27.04

46.53

3.87

137.55

S. rufus

87.28

0

17.83

19.2

120.19

47.35

98.01

51.64

71.04

18.5

59.22

95.71

84.55

71.05

130.57

972.14

S. saxicola

S. rastrelliger

19.06

15.4

64.64

37.13

48.43

14.03

151.42

87.3

62.22

32.11

126.11

54.17

47.2

82.74

166.33

1008.29

S. semicinctus

0

0

8.46

0

14.66

0

26.22

129.49

0

0

0

57.93

83.83

994.05

41.88

1356.52

S. serranoides

3.93

0

0

13.32

14.16

13.02

60.88

9.21

27.6

9.88

34.68

78.91

21.65

34.67

94.73

416.64

0

0

0

0

0

0

0

0

0

0

0

0

0

10.88

4.43

15.31

11.79

22.65

67.06

56.98

67.83

127.89

80.04

163.87

282.88

121.07

152.48

281.2

180.56

74.88

115.95

1807.13

S. simulator
S. wilsoni
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Species

Table A.3 Slope estimates, standard errors, z-values, and p-values of each of the
study species’ relationship with temperature, oxygen, salinity, and chlorophyll
measured at 100 m depth.
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Estimate
-0.556
0.773
0.376
0.464

Std. Error
0.339
2.059
0.669
0.214

z-value
-1.640
0.376
0.562
2.169

p-value
0.101
0.707
0.574
0.030

S. entomelas
Temperature
Salinity
Oxygen
Chlorophyll a

Estimate
-0.855
-1.294
0.516
0.001

Std. Error
0.306
1.455
0.583
0.242

z-value
-2.796
-0.883
0.885
0.002

p-value
0.005
0.377
0.376
0.998

S. goodei
Temperature
Salinity
Oxygen
Chlorophyll a

Estimate
-0.281
-3.297
-0.836
-0.095

Std. Error
0.310
1.311
0.614
0.336

z-value
-0.907
-2.515
-1.363
-0.282

p-value
0.364
0.012
0.173
0.778

S. levis
Temperature
Salinity
Oxygen
Chlorophyll a

Estimate
-0.172
1.198
0.250
0.341

Std. Error
0.288
1.972
0.695
0.241

z-value
-0.597
0.608
0.360
1.411

p-value
0.551
0.543
0.719
0.158

S. mystinus
Temperature
Salinity
Oxygen
Chlorophyll a

Estimate
-1.090
-0.351
1.035
0.250

Std. Error
0.262
1.329
0.483
0.179

z-value
-4.157
-0.264
2.142
1.396

p-value
0.000
0.792
0.032
0.163

S. ovalis
Temperature
Salinity
Oxygen
Chlorophyll a

Estimate
-0.460
-0.492
0.179
0.111

Std. Error
0.233
1.281
0.479
0.199

z-value
-1.972
-0.384
0.373
0.554

p-value
0.049
0.701
0.709
0.579

S. paucispinis
Temperature
Salinity
Oxygen
Chlorophyll a

Estimate
-0.758
-1.312
0.376
-0.038

Std. Error
0.204
0.981
0.400
0.180

z-value
-3.713
-1.338
0.943
-0.209

p-value
0.000
0.181
0.346
0.835

S. rufus
Temperature
Salinity
Oxygen
Chlorophyll a

Estimate
-0.129
0.253
0.545
-0.203

Std. Error
0.161
0.967
0.415
0.218

z-value
-0.803
0.262
1.315
-0.929

p-value
0.422
0.793
0.188
0.353

S. serranoides
Temperature
Salinity
Oxygen
Chlorophyll a

Estimate
-0.633
-1.122
0.249
0.143

Std. Error
0.285
1.413
0.557
0.219

z-value
-2.223
-0.794
0.447
0.650

p-value
0.026
0.427
0.655
0.516
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S. caurinus
Temperature
Salinity
Oxygen
Chlorophyll a

Estimate
0.036
3.200
0.358
-0.423

Std. Error
0.146
1.314
0.476
0.294

z-value
0.246
2.435
0.752
-1.436

p-value
0.805
0.015
0.452
0.151

S. semicinctus
Temperature
Salinity
Oxygen
Chlorophyll a

S. hopkinsi
Temperature
Salinity
Oxygen
Chlorophyll a

Estimate
-0.198
0.067
-0.492
0.266

Std. Error
0.131
0.806
0.330
0.158

z-value
-1.508
0.083
-1.489
1.683

p-value
0.132
0.934
0.136
0.092

S. wilsoni
Temperature
Salinity
Oxygen
Chlorophyll a

S. jordani
Temperature
Salinity
Oxygen
Chlorophyll a

Estimate
-0.022
-1.257
-1.301
0.470

Std. Error
0.147
0.831
0.364
0.167

z-value
-0.146
-1.513
-3.575
2.818

p-value
0.884
0.130
0.000
0.005

S. moseri
Temperature
Salinity
Oxygen
Chlorophyll a

Estimate
-0.687
-0.266
0.937
-1.444

Std. Error
0.283
1.558
0.625
0.615

z-value
-2.431
-0.171
1.501
-2.349

p-value
0.015
0.865
0.133
0.019

S. saxicola
Temperature
Salinity
Oxygen
Chlorophyll a

Estimate
-0.140
-0.837
-0.540
0.267

Std. Error
0.170
0.947
0.399
0.174

z-value
-0.826
-0.884
-1.354
1.536

p-value
0.409
0.377
0.176
0.125

Estimate
0.165
-1.926
-1.229
0.570
Estimate
-0.773
-0.759
0.137
-0.036

Std. Error
0.285
1.441
0.586
0.223
Std. Error
0.195
0.996
0.385
0.175

z-value
0.577
-1.336
-2.096
2.552
z-value
-3.971
-0.762
0.356
-0.207

p-value
0.564
0.181
0.036
0.011
p-value
0.000
0.446
0.722
0.836
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S. ensifer
Temperature
Salinity
Oxygen
Chlorophyll a

Figure A.1 Histograms of select species’ abundances used to assess for outliers in
the data.
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Figure A.2 Plots of z-values for Moran’s I to assess spatial autocorrelation for
residuals of the environmental logistic models. Red points indicate nonsignificance.

96

97

98

Figure A.3 Plots of the temporal autocorrelation function for residuals of the
environmental logistic models with a year covariate included.
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Figure A.4 Visualization of two-way Bray-Curtis cluster analysis to determine
which non-CCA stations to select for analyses based on similar environmental
parameters. Paired stations are highlighted in yellow.
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Figure A.5 Delta mean abundances of all rockfish species identified over time.
Species that both met the abundance threshold of the study as well as displayed
significant increases are described in Fig 2.1 and 2.2.
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Figure A.6 Logistic plots showing probability of presence of rockfish species
under different temperature conditions.
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Appendix 3: R packages used for analysis and plotting

The following R packages were used in this paper: data.table (Dowle et al. 2015),
fishmethods (Nelson 2016), ggdendro (de Vries and Ripley 2016), ggmap (Kahle
and Wickham 2013), ggplot2 (Wickham 2009), lattice (Sarkar 2008), latticeExtra
(Sarkar and Andrews 2016), mapproj (McIlroy et al. 2015), maptools (Bivand and
Lewin-Koh 2016), MASS (Venables and Ripley 2002), ncf (Bjornstad 2013),
PBSmapping (Schnute et al. 2015), plyr (Wickham 2011), png (Urbanek 2013),
reshape2 (Wickham 2007), rgdal (Bivand et al. 2016), rgeos (Bivand and Rundel
2016), sp (Bivand et al. 2013), spatstat (Baddeley et al. 2015), vegan (Oksanen et
al. 2016), and xtractomatic (Mendelssohn 2016).
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